The annual reproductive cycle of adult male Formosan wood mice (Apodemus semotus) collected monthly from the Alishan area, Taiwan, was investigated. Mean monthly body mass varied between 25.0 g Ϯ 0.8 SE and 27.1 Ϯ 1.3 g and did not show significant seasonal change. Mass of reproductive organs, spermatogenic activity, and levels of testicular and plasma androgen exhibited a distinct pattern of seasonal change. Testes, epididymides, and seminal vesicles were lightest and spermatogenesis was virtually arrested in January and December. For the remainder of year, all animals examined were spermatogenically active. However, spermatogenic activity was most intense and reproductive organs were heaviest in March-April and August-September. A decline occurred in mass of reproductive organs and diameter of seminiferous tubules in May-July, but spermatogenesis was unaffected qualitatively. Levels of testicular and plasma androgen were elevated in March-April and August-September, coinciding with periods of intense spermatogenic activity and the heaviest reproductive organs and were significantly correlated with mass of testes, epididymides, and seminal vesicles, and diameter of seminiferous tubules. Day length and temperature, but not precipitation, were correlated with mass of testes, epididymides, and seminal vesicles. This is the 1st study to investigate seasonal patterns of androgen levels in plasma and testes in the genus Apodemus.
Reproduction in many mammals is a seasonal event that alternates between periods of waxing and waning activity. Many environmental factors are known to have a profound influence in shaping the reproductive pattern so that breeding activity occurs when the environment is most favorable for survival of the young (Bronson 1985) . Environmental stimuli are perceived and conveyed by neuroendocrine systems that ultimately alter reproductive performance (Clarke 1981) . Relationships between sea-* Correspondent: johnyu@ccvax.sinica.edu.tw sonal changes in endocrine status and reproduction have been described for a wide variety of mammalian seasonal breeders (Karsch et al. 1984; Lehman et al. 1997; Lincoln 1981) .
The genus Apodemus comprises 13 species of wood mice distributing widely in the Palearctic region (Honacki et al. 1982) . Reproductive patterns have been described for several species of Apodemus with different durations of reproductive season and magnitudes of seasonal fluctuation (Adamczewska 1961; Agnelli and Bellini 1997; Ashby 1967; Chou and Lin 1980; Gibson and Delany 1984; Green 1979; Murakami 1974; Nishikata 1979; Oh Hong et al. 1998; Tateishi and Shiraishi 1993; Wang et al. 1994) . The Formosan wood mouse (A. semotus) is endemic to Taiwan and commonly is found in the central and southern mountainous areas of the island (Chen and Yu 1984) . Population biology and postnatal growth of A. semotus have been studied (Lin and Shiraishi 1992a; Lin et al. 1993) . Recently, 2 reports documented the seasonal reproductive pattern of A. semotus based mainly on gravimetric and histologic measurements of reproductive organs (Huang et al. 1997; Lin and Shiraishi 1992b) . According to those studies, A. semotus exhibits a bimodal reproductive cycle with intense activity occurring in spring and autumn. Although that reproductive pattern has been described in A. semotus and several other species of Apodemus, seasonal or monthly changes in testicular androgen formation and secretion, and their relationships to reproductive function, have not been investigated.
We report monthly changes in levels of androgen in testes and plasma, mass of reproductive organs, and spermatogenic activity in adult male A. semotus. Effects of androgen levels and environmental factors on spermatogenic activity and development of reproductive organs are discussed.
MATERIALS AND METHODS
Apodemus semotus was collected in Alishan, Taiwan (23Њ31ЈN, 120Њ50ЈE; elevation 2,200 m) by setting about 150 Sherman traps for 6 consecutive days in the middle of each month from January to December 1987. Traps were checked daily between 0600 h and 1000 h. Climatic data during the study period were provided by the Alishan Station of the Central Weather Bureau. Longest mean day length occurred in June (13.6 h), and shortest occurred in December (10.8 h). Mean temperature ranged from 4.9ЊC (January) to 14.1ЊC (June). October-February was relatively dry, when monthly precipitation levels were Ͻ100 mm. Precipitation increased from March onward and exceeded 600 mm in June and July, after which it decreased progressively to the relatively dry winter level.
Males (n ϭ 118) were sacrificed between 1300 h and 1500 h on the same day that they were caught. Only adult animals weighing Ն22 g (Lin and Shiraishi 1992b) were used in the present study. Blood was collected from etheranesthetized animals by cardiac puncture with heparinized syringes and immediately centrifuged (2,000 ϫ g, 15 min). Plasma was then removed and stored at Ϫ20ЊC until used for radioimmunoassay of androgen. Immediately after animals were sacrificed, testes, epididymides, and seminal vesicles were dissected out and weighed. Left testes were stored at Ϫ20ЊC until used for radioimmunoassay of androgen; the remainder of the dissected tissues was fixed in Bouin's solution, embedded in paraffin, sectioned at 7 m, and stained by hematoxylin and eosin (Ann 1978) . Diameter of seminiferous tubules was measured using a light microscope with the aid of an ocular micrometer. One hundred measurements taken from 5 randomly chosen microscopic fields per animal were recorded and averaged.
The radioimmunoassay used for quantifying androgens in testes and plasma was described by Yu et al. (1981) . Briefly, left testes were individually homogenized in 0.01 M phosphatebuffered saline (pH 7.4), and centrifuged (1,500 ϫ g, 30 min, 6ЊC). Steroids were extracted from an aliquot of testis homogenate and plasma with diethyl ether and incubated with tritiated testosterone (1,2,6,7-3 H-testerone, 10,000 counts per minute) and antitestosterone-3-(O-carboxymethyl)-oxime-bovine serum albumin serum (1: 20,000). The cross-reactivities of the antitestosterone serum, relative to testosterone (100%), for dihydrotestosterone, androstenedione, and androstenediol were 74%, 1.23%, and 0.59%, respectively. Thus, androgens measured were accounted for mainly by testosterone and dihydrotestosterone. Androgen levels in samples were inferred from a testosterone standard curve (10-620 pg) and corrected as nanograms (of testosterone equivalent) per testis or per milliliter of plasma. Within-and between-assay coefficients of variation were 7.0% (n ϭ 7) and 13.2% (n ϭ 6), respectively.
One-way analysis of variance was used to analyze the effect of season on reproductive parameters, and Tukey's procedure was used for pairwise comparison. Correlations between var-ious parameters were examined by Pearson's product-moment correlation coefficient (Steel and Torrie 1980) .
RESULTS
Seasonal changes in mass of reproductive organs.-Mean body mass of adult male A. semotus ranged from 25.0 g Ϯ 0.8 SE (January) to 27.1 Ϯ 1.3 g (May), but did not show significant monthly variation ( Fig. 1a , P ϭ 0.67). Mean testicular mass changed seasonally (P ϭ 0.0001; Fig. 1b) . It increased 1.6-fold from January to February, reached a peak in March-September, and started to decline in October until reaching basal level in December. Relative testicular mass (expressed as testis-somatic index: paired testis mass ϫ 1,000/body mass) ranged from 29.8 Ϯ 3.5 (January) to 53.9 Ϯ 2.2 (April) and also showed a seasonal change corresponding to changes in testicular mass (P ϭ 0.0008; Fig. 1c ). Monthly variations in mass of epididymides and seminal vesicles also were observed (P ϭ 0.01730 and P ϭ 0.00008, respectively; Figs. 1d and 1e). Seminal vesicles underwent a 7-fold change in mass (59.5 mg Ϯ 32.4 SE in January versus 413.3 Ϯ 31.2 mg in April), whereas epididymides underwent about a 2-fold change (136.7 Ϯ 15.0 mg in January versus 261.7 Ϯ 16.7 mg in September). Furthermore, a significant decrease in mass of seminal vesicles was observed in May-July (April versus May-July, P ϭ 0.015) as opposed to a slight but insignificant loss in epididymides mass (P ϭ 0.321) during the same periods.
Histologic examination of reproductive organs.-Microscopic examination of testicular sections revealed that spermatogenic activity in adult A. semotus varied seasonally (Figs. 1f and 2a-c) . The diameter of seminiferous tubules changed seasonally (P ϭ 0.00008; Fig. 1f ). Lowest spermatogenic activity was observed in January (131.9 mm Ϯ 12.3 SE) and December (125.9 Ϯ 15.6 mm) when the tubular diameter was narrowest. During these months, 4 of these 12 animals had testes that were regressed with spermatocytes as the developmentally most advanced germ cells (Fig. 2a) , whereas the other animals were characterized by having testes with a scanty number of spermatozoa. Examination of epididymal sections of those winter animals revealed that few or no spermatozoa were present (Fig.  2d) . Onset of spermatogenic activity occurred rapidly in February when testes were already fully active. Three of the 7 animals examined had seminiferous tubules lined by elongated spermatids and epididymides still devoid of spermatozoa, indicating that they were in a state of testicular recrudescence. During the remainder of year, testes were spermatogenically active with seminiferous tubules lined by germ cells of various developmental stages. Spermatogenic activity was most pronounced in spring (MarchApril) and autumn (August-September; Fig. 2b ) when diameter of seminiferous tubules was widest (Fig. 1f) ; epididymides of those animals were packed with numerous spermatozoa (Fig. 2e) . A significant decrease in diameter of seminiferous tubules was observed in May-July (April versus May-July, P ϭ 0.021), indicating that spermatogenic activity was less intense (Fig.  2c) ; examination of epididymal sections revealed that numbers of spermatozoa in those animals in summer were fewer than in spring and autumn (Fig. 2f) .
Levels of plasma and testicular androgens.-A parallel seasonal change of androgen levels was observed in plasma (P ϭ 0.00002; Fig. 1g ) and testes (P ϭ 0.00001; Fig. 1h ). Both parameters were low in January, increased about 2-fold in February, and peaked in March-April, which was followed by a significant decrease in MayJuly. Another peak of androgen levels occurred in August-September, after which levels decreased until reaching minimal values in December.
Levels of plasma androgen were correlated with mass of testes, epididymides, and seminal vesicles, and diameter of seminiferous tubules (P ϭ 0.0057, 0.0024, 0.0004, and 0.0001, respectively), but not with body mass. Levels of testicular androgen also were correlated with those parameters (P ϭ 0.0007, 0.0013, 0.0006, and 0.0001, respectively).
Environmental factors and reproductive parameters.-Among environmental factors examined, day length was correlated with mass of testes, epididymides, and seminal vesicles (P ϭ 0.0004, 0.0005, and 0.0017, respectively); temperature also was correlated with those parameters (P ϭ 0.0006, 0.0005, and 0.0005, respectively). Monthly levels of precipitation were not correlated with any of the parameters examined.
DISCUSSION
Our study demonstrated that adult male A. semotus exhibits a distinct reproductive cycle. They were reproductively quiescent in winter (January and December), as indicated by lowest mass of reproductive organs and arrested spermatogenesis. Two periods (March-April and August-September) of intense reproductive function were observed when reproductive organs were heaviest and spermatogenesis was most active. Between the 2 periods of intense reproductive function was a depressed period in summer (May-July). Similar bimodal pattern of reproductive cycle also has been found in other species of Apodemus, such as Japanese large field mouse (A. speciosus) in Kyoto and Lake Sayama (Murakami 1974; Tateishi and Shiraishi 1993) , Japanese small field mouse (A. argenteus) in Kyoto (Nishikata 1979) , Korean striped field mouse (A. agrarius chejuensis) on Mount Halla, Cheju Island (Oh Hong et al. 1998) , and striped field mouse (A. agrarius ningpoensis) in Donting Plain, China (Wang et al. 1994) . In general, our results agree with those reported in 2 previous studies of A. semotus conducted in Alishan (Lin and Shiraishi 1992b) and Hohuanshan (24Њ10ЈN, 120Њ12ЈE, elevation 2,300 m) areas (Huang et al. 1997) in that the reproductive cycle is of a bimodal pattern with peaks in spring and autumn. However, combined results of our study and that of Lin and Shiraishi (1992b) differ from that of Huang et al. (1997) in showing that male A. semotus in Alishan area, although experiencing mass loss in reproductive organs and relatively lower spermatogenic activity, still seem to be reproductively active in summer, whereas the population in Hohuanshan underwent a period of complete reproductive cessation in summer.
The present study also demonstrated that levels of testicular and plasma androgen in adult male A. semotus varied seasonally, which to our knowledge represents the 1st report of seasonal changes in androgen levels in the genus Apodemus. Levels of plasma androgen in A. semotus fluctuated between 0.38 and 1.78 ng/ml and were comparable with those measured for the wild populations of several rodents, such as beach voles (Microtus breweri; 0.64-2.71 ng/ml-Adam et al. 1980), bush rats (Rattus fuscipes; 1.48-4.86 ng/ml- Kerr et al. 1980) , 13-lined ground squirrels (Citellus tridecemlineatus; Ͻ0.4-2.2 ng/ml-Ambid and Berges 1986), and dormice (Glis glis; 0.3-3.2 ng/ml-Jallageas and Assenmacher 1983).
The importance of androgens in controlling mammalian spermatogenesis is well documented (McLachlan et al. 1996; Weinbauer and Nieschlag 1997; Zirkin 1998) . Synchronism of changes in spermatogenic activity and androgen levels has been reported in many mammalian species (Adam et al. 1980; Ambid and Berges 1986; Audy et al. 1985; Baldwin et al. 1985; Barnes 1986; Chang et al. 1999; Dutourne and Saboureau 1983; Kerr et al. 1980; Webley et al. 1985 ; also see Lincoln 1981 for the relevant literature before 1980). As revealed in our study, the pattern of seasonal changes in androgen levels of A. semotus corresponded to that in spermatogenic activity. Furthermore, statistical analysis indicated that androgen levels were correlated with spermatogenic activity.
It is interesting to note that, despite a significant drop in androgen levels during summer (mean testicular level in May-July was 53.6% of the peak level in April), spermatogenesis in A. semotus was maintained with all stages of germ cells present within seminiferous tubules. In this regard, although androgens are considered to be essential hormonal factors for spermatogenesis, recent laboratory studies using various experimental animal models indicated that follicle-stimulating hormone is able to restore and maintain spermatogenesis in animals with low levels of intratesticular testosterone (Lerchl et al. 1993; Niklowitz et al. 1997; Russell et al. 1998; Schlatt et al. 1995) . In fact, it has been estimated that only 24-46% of normal testosterone levels are required for spermatogenesis in the lab rat (Sharpe et al. 1988) . In both R. fuscipes and Cascade golden-mantled ground squirrel (Spermophilus saturatus), seasonal testicular growth was preceded by a rise in follicle-stimulating hormone levels when androgen levels still remained low (Barnes 1986; Kerr et al. 1980) . Although gonadotropin levels were not measured in the present study, the data obtained from A. semotus are compatible with the conclusion derived from the aforementioned studies that low levels of intratesticular testosterone are sufficient for complete spermatogenesis. Moreover, unlike plasma androgen, testicular androgen did not decrease in summer to minimal levels, as observed in winter when spermatogenesis was almost completely arrested.
Development and function of epididymides and accessory sex organs are dependent on androgens (Lincoln 1981) . Androgen levels were observed to be correlated with mass of seminal vesicles and epididymides in A. semotus. Androgen levels were more significantly correlated with mass of seminal vesicles than with that of epididymides. Furthermore, decline in androgen levels in summer was accompanied by a statistically significant loss of mass in seminal vesicles, but not in epididymides. Such difference in androgen dependence also has been reported previously for other species (Chang et al. 1999; Inns 1982; Racey 1978) and may reflect a differential requirement for androgen among different reproductive organs or a change in the relative amounts of particular androgens.
Environmental cues such as temperature and day length have long been recognized as playing important roles in regulating reproduction (Gilmore 1981) . In male A. semotus, temperature and day length seem to be important factors that influence reproductive function, as suggested by significant correlations between these 2 environmental factors and mass of reproductive organs. Thus, low ambient temperature and short day length during winter may exert an inhibitory effect on the reproductive function of male A. semotus. Similarly, sexual maturation in A. sylvatixus was found to be influenced by temperature and day length (Clarke 1985) . However, because day length and temperature are not independent factors, further investigations are needed to demonstrate their influence on reproductive function of A. semotus.
The depressed period of reproductive function occurring in summer seems unlikely to be associated with prevalent temperature, which was modest (12-14ЊC), or day length, which was at a maximum level (13.4-13.6 h). Studies of other species of wood mouse, in which a summer depression was observed, suggested that the depression may be caused by high temperature (30ЊC) for A. agrarius chejuensis (Oh Hong et al. 1998) or drought for A. sylvaticus and A. flavicollis (Agnelli and Bellini 1997) . Neither high temperature, as just mentioned, nor drought, because precipitation during summer in the study area was abundant, is a likely cause for the depression in A. semotus. Lin and Shiraishi (1992b) , in a study of A. semotus collected from Alishan area, also found that the summer depression was not correlated with any climatic factors examined. They proposed that the summer depression was caused by the recruitment into the population of spring-born yearling adults with lighterweight reproductive organs Shi-raishi 1992a, 1992b) . On the other hand, whether other environmental factors, such as food availability and quality and social interaction (Bronson and Perrigo 1987; Harding 1981) , are involved in regulating reproductive function of male A. semotus remains an open question that deserves future investigation.
